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Insulin-like peptides (ILPs) couple growth, metabo-
lism, longevity, and fertility with changes in nutri-
tional availability. In Drosophila, several ILPs called
Dilps are produced by the brain insulin-producing
cells (IPCs), from which they are released into the
hemolymph and act systemically. We show here
that in response to nutrient deprivation, brain Dilps
are no longer secreted and accumulate in the IPCs.
We further demonstrate that the larval fat body,
a functional homolog of vertebrate liver and white
fat, couples the level of circulating Dilps with dietary
amino acid levels by remotely controlling Dilp release
through a TOR/RAPTOR-dependent mechanism. We
finally use ex vivo tissue coculture to demonstrate
that a humoral signal emitted by the fat body transits
through the hemolymph and activates Dilp secretion
in the IPCs. Thus, the availability of nutrients is
remotely sensed in fat body cells and conveyed to
the brain IPCs by a humoral signal controlling ILP
release.
INTRODUCTION
Insulin and insulin-like growth factors (IGFs) separated function-
ally 600 million years ago and share the regulation of complex
physiological processes like growth, carbohydrate metabolism,
longevity, and reproduction. The mechanisms of action of both
molecules are very similar at the cell level, where closely related
receptors activate conserved signaling pathways (Nakae et al.,
2001). By contrast, their mechanisms of storage and release
have considerably diverged. IGF-I is produced and released
freely into the blood, where it accumulates in the form of stable
complexes with binding partners, forming an extracellular reser-
voir that can be used by peripheral tissues. The liver is the main
site of IGF-I production. IGF-I transcription is directly controlled
by growth hormone (GH) and its receptor on liver cells. Among
other environmental factors, nutrition strongly influences the
response of liver cells to GH and, therefore, IGF-I transcript
levels (Thissen et al., 1994). Unlike IGF-I, insulin is stored in intra-
cellular pools in the form of dense granules whose secretion in
the blood is highly regulated. Misregulation of insulin release
has a strong impact on metabolic homeostasis, leading to type 2Cell Mdiabetes mellitus (Hosker et al., 1989). Due to the growing inci-
dence of this disease, the study of the molecular mechanisms
controlling insulin release from pancreatic b cells is the subject
of considerable interest (Eliasson et al., 2008; Rutter, 2001).
Insulin is produced as a precursor, and its mature form is stored
in dense granules. Each granule contains approximately 106
molecules of insulin organized in a semicrystalline arrangement
with Zn2+ ions. Granule exocytosis is induced by increases in
plasma glucose. After entry into b cells through specific trans-
porters, glucose is metabolized to produce ATP, which inhibits
the Sur1-regulatory subunit of KATP channels and induces
membrane depolarization and calcium fluxes. This results in
fusion of predocked granules with the plasmamembrane, insulin
release into the surrounding lymph, and its transcytosis in the
capillary vessels. Although glucose is the most relevant physio-
logical regulator of insulin secretion, hormones and nutrients
play important additional roles in amplifying glucose-stimulated
insulin secretion (Nolan et al., 2006; Rutter, 2001). Pancreatic
b cells therefore constitute the node of a general fuel-sensor
mechanism.
Interestingly, a flurry of recent work has established that
insulin/IGF functions are evolutionarily conserved in simpler
organisms amenable to systematic genetic analysis, like the
invertebrate Drosophila melanogaster. In the brain of the fruit
fly, two separate groups of cells, the insulin-producing cells
(IPCs) and the adipokinetic hormone (AKH)-producing cells
(APCs), are functionally analogous to b and a cells, respectively
(Geminard et al., 2006). These separate endocrine clusters are
physically linked by axon-like cellular processes emanating
from the IPCs and projecting on the APCs, therefore constituting
a functional invertebrate islet. Interestingly, these two groups of
cells originate from two pairs of embryonic neuroblasts, express-
ing genes orthologous to those expressed in the vertebrate ante-
rior pituitary and neurosecretory hypothalamic precursors (Wang
et al., 2007). IPCs express 4 of the 7 Drosophila insulin-like
peptides (DILP1, 2, 3, and 5) and are required for both larval
growth and carbohydrate metabolism, since their genetic abla-
tion leads to poor adult survival with severe growth reduction
and increased levels of trehalose (the main circulating carbohy-
drate in insects) (Brogiolo et al., 2001; Rulifson et al., 2002).
Although insulin/IGF signaling (IIS) is described as allowing
coupling organismal growth with energy status (Britton et al.,
2002), it is not clear whether the IPCs directly respond to circu-
lating trehalose, since these cells do not express the Drosophila
sur1 ortholog (Kim and Rulifson, 2004). By contrast, the APCs
express sur1, respond to sulfonylurea, and are crucial regulatorsetabolism 10, 199–207, September 2, 2009 ª2009 Elsevier Inc. 199
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could be controlled by other nutritional inputs, like amino acids
or fat. Indeed, starvation blocks larval growth and strongly
suppresses IPC-derived DILP3/5 transcription (Ikeya et al.,
2002). However, DILP2 expression, which contributes approxi-
mately 80% of DILP gene transcription in the IPCs (Buch et al.,
2008), remains unchanged (Ikeya et al., 2002). This suggests
that the production of Dilp peptides is controlled posttranscrip-
tionally by nutritional inputs. In this line, recent genetic analysis
of the nucleostemin family geneNS3 has revealed thatNS3 func-
tion is required in brain serotonergic neurons for full activation of
the insulin pathway in peripheral tissues. In particular, ns3
mutant larvae are small and accumulate Dilp2 in the IPCs despite
normal levels ofDILP2 transcripts, therefore suggesting that Dilp
secretion is controlled by a serotonergic neuronal input (Kaplan
et al., 2008). Nevertheless, the existence of a possible link
between this input and the nutritional information has not been
explored yet.
Previous data indicate that changes in the nutritional status of
the larva are relayed by an important endocrine organ called the
fat body, functionally related to the vertebrate liver and white
adipose. When amino acid import is specifically restricted in
fat body cells by genetic manipulation, general IIS is decreased
in peripheral tissues, leading to a systemic reduction of larval
growth (Colombani et al., 2003). The mechanisms relaying the
information from the fat body to the peripheral tissues are
currently unknown. As a starting point to our present work, we
have hypothesized that the fat body remotely controls the level
of circulating Dilps, which in turn control peripheral tissue
growth. We show that Dilp secretion from the brain IPCs is
controlled by nutrition. Moreover, we present evidence that
amino acid shortage or inhibition of the TOR-signaling pathway,
both targeted in fat body cells, are sufficient to induce Dilp reten-
tion in the IPCs. Finally, we use an ex vivo tissue coculture
system to demonstrate that Dilp secretion is controlled by
a direct humoral link between the fat body and the brain.
RESULTS
The Secretion of Brain Dilps Is Controlled by Diet
In order to follow the behavior of Dilpmolecules in larval brain, we
designed specific antibodies directed against Dilp2 and Dilp5,
two ILPs produced in the brain IPCs. The specificity of these anti-
bodies is presented in Figure S1A. In normally fed larvae (Rich),
Dilp2 and Dilp5 present indistinguishable patterns, accumulating
in dotted structures in the IPC cell body, along the axonal projec-
tions, and in the axonal termini on the corpora cardiaca (the site
of AKH production) and the aorta. Upon feeding on low-amino-
acid diet (Poor, 0.13 yeast, see Experimental Procedures) or
acute starvation (Starved, PBS/1% sucrose for 24 hr), the IPCs
of third-instar larvae showed strong accumulation of Dilp2 and
Dilp5 in the cell bodies and in the axonal termini (Figures 1A,
1B, and S1B). This accumulation could be efficiently reverted
by transferring back starving larvae on rich food (Rich, 23 yeast).
Indeed, Dilp2 brain fluorescence decreased after only 15 min
refeeding, reaching fed levels after 2 hr (Figure 1D). Interestingly,
refeedingwith tryptone extract (proteolyzed casein) reducedDilp
accumulation, whereas sucrose or soy lipids did not have any
effect (Figure 1E). We then carried out refeeding experiments200 Cell Metabolism 10, 199–207, September 2, 2009 ª2009 Elsevieusing single-amino-acid diets (amino acid in agar/1% sucrose),
which revealed that only L-leucine and L-isoleucine can promote
Dilp release (Figure 1E and data not shown). This indicates that
amino acids (and specifically the branched-chain amino acids
leucine and isoleucine) are key in controlling this event.
The rapid response obtained upon refeeding suggests that the
mechanism of Dilp accumulation does not involve increased
gene expression. Accordingly, the measurement of DILP2 tran-
scripts by quantitative RT-PCR on dissected larval brains
showed no significant change of DILP2 expression and a
decrease in DILP5 transcription upon culture on poor food
(Figure 1C). A FLAG-tagged form of Dilp2 (Dilp2F) expressed in
the IPCs using the DILP2-Gal4 driver was subjected to the
same regulation, showing strong accumulation in the IPCs under
restrictive diet (Figure 2A). Western blot experiments using anti-
FLAG antibodies confirmed that Dilp2F accumulates in the brain
of underfed larvae and revealed that, in these conditions, its
concentration in the hemolymph is reduced by 70% (Figure 2B).
This demonstrates that increased Dilp2 labeling as seen in IPCs
of underfed larvae is the sign of a retention in the brain and that
levels of Dilp2 circulating in the hemolymph are decreased upon
restrictive diet. Accordingly, in these conditions, trehalosemia
was increased (Figure 2C).
Taken together, our results indicate that diet and in particular
amino acids control Dilp secretion in larval IPCs and, as a conse-
quence, larval growth.
The Brain IPCs Couple Neurosecretion
with Nutritional Inputs
To test whether the 14 IPCs are specialized neurosecretory cells
controlling Dilp secretion in response to low diet, we expressed
DILP2 either in a control set of neurons that do not express the
DILP genes (using the kurs6-Gal4 driver) (Siegmund and Korge,
2001) or in the IPCs (usingDILP2-Gal4) andmeasured the weight
gain obtained after raising the larvae on rich (23) or poor (0.33)
medium (Figure 3A). Larvae expressing DILP2 in kurs6 neurons
were 22% bigger than control animals, indicating that when
expressed in these neurons, Dilp2 is secreted and activates
systemic growth. Interestingly, kurs6 > DILP2 animals presented
low diet-resistant growth increase with commensurate develop-
mental delay, reaching adult sizes comparable to the one
observed under normal food condition (Figure 3A). By contrast,
overexpression of DILP2 in the larval IPCs led to moderate
weight increase in the fed condition and was barely able to
induce weight gain under low diet, suggesting that DILP2
expression leads to a very limited increase in circulating levels
of Dilp2 peptide (Figure 3A). This indicates that the IPCs have
the specialized function of coupling Dilp secretionwith nutritional
input. Moreover, expression of Dilp2 in the kurs6 neurons upon
severely restrictive diet (0.13) lead to 100% larval lethality,
whereas strong overexpression in the IPCs was fully viable
(data not shown). This further indicates that the regulation of
Dilp2 secretion by the brain IPCs is a major physiological regula-
tion allowing modulating IIS in response to diet in the larva. To
confirm this, we forced membrane depolarization and neurose-
cretion in the IPCs by using the targeted expression of a bacterial
sodium channel (NaChBac). In these conditions, Dilp2 accumu-
lation normally observed in response to restrictive diet wasr Inc.
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Figure 1. Diet Controls the Level of Dilp Accumulation in the Brain Neurosecretory Cells
(A) Insulin-producing cells (IPCs, labeled with GFP) are visualized in the brain hemisphere. Brains from third-instar larvae fed, raised on poor medium (0.13), or
starved for 24 hr on PBS/1% sucrose were immunostained with anti-Dilp2 antibodies and imaged by confocal microscopy, using laser and scan settings adjusted
on the accumulation state to avoid saturation. With these settings, Dilp staining is not visible in the fed (23) state. Low-magnification Nomarski image of a brain is
presented in the upper left panel, showing IPCs as green-labeled cells.
(B) Quantified fluorescence intensities for Dilp2 and Dilp5 in the IPCs of larvae raised on different diets during all development (n = 30 larvae for each plot,
**p < 0.01; error bars represent SEM).
(C) Measurement of larval brain DILP2 and DILP5 transcript levels during starvation by quantitative RT-PCR. Larvae were reared on normal or restricted food
during all development. Fold changes (f.c.) are indicated; RP-49 is used as an internal reference; error bars represent SEM.
(D) Kinetics of Dilp accumulation upon refeeding. Third-instar larvae (72 hr AED) were starved on PBS/1% sucrose for 24 hr then transferred to rich medium for
indicated times. Dilp2 fluorescence intensity in the IPCs was quantified as previously (n = 30 larvae for each plot; error bars represent SEM).
(E) Ingestion of amino acids is sufficient to induce insulin secretion from IPCs. Third-instar larvae starved on PBS/1% sucrose for 24 hr were refed for 6 hr with
23 food, 17 g/l tryptone, 10% sucrose or glucose, 17 g/l soy lipids mix, 0.3% L-isoleucine, or 0.2% L-leucine. Brains were immunostained for Dilp2, and
fluorescence intensity was quantified (n = 20 larvae, *p < 0.05, **p < 0.01 compared to nonfed control; error bars represent SEM).prevented, and significant lethality (50%) was observed (Figures
3B and 3C).
In order to characterize the regulation of Dilp secretion in the
IPCs, we first tested whether other secreted molecules were
subjected to a control of secretion comparable to the one oper-
ating for endogenous Dilps. For this purpose, a secreted GFP
(secGFP) construct was expressed in the IPCs using the Gal4
system, and the behavior of the protein was followed in rich-
and restrictive-diet conditions. As in the case of FLAG-tagged
Dilp2, secGFP presented a strong accumulation in low dietCell M(Figure 2A). By contrast, neither secGFP nor Dilp2F ectopically
produced in the Kurs6 neurons was subjected to low-diet-
induced accumulation (data not shown), indicating that the
IPCs have the specific ability to couple the release of secreted
molecules to a nutritional input.
We next tested whether IPC membrane depolarization was
important for the control of Dilp release by inducing expression
of mammalian Kir2.1, a constitutively active potassium channel,
specifically in the IPCs. Kir2.1-induced hyperpolarization of IPCs
resulted in increased accumulation of Dilp2 in the cell bodies andetabolism 10, 199–207, September 2, 2009 ª2009 Elsevier Inc. 201
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Figure 2. Dilp Accumulation in the IPCs Reflects a Control of Their
Release in the Hemolymph
(A) Restrictive diet induces the accumulation of secreted proteins in the IPCs.
A GFP linked to a signal peptide (secGFP) or a FLAG-tagged Dilp2 (Dilp2F)
were overexpressed in the IPCs using the DILP2-Gal4 driver. Both proteins
show accumulation under restrictive diet, similar to that observed for the
endogenous Dilps.
(B) Hemolymph or brain extracts from larvae expressing Dilp2F with theDILP2-
Gal4 driver were immunoblotted for Dilp2F in rich or poor medium conditions
(western blot image and quantification are shown). For hemolymph, relative
concentrations of circulating Dilp2Fwere calculated (arbitrary units/ml of hemo-
lymph). The amount of Dilp2F is normalized to LSP1 in hemolymph or tubulin in
brains; error bars represent SEM.
(C) Glycemia is severely increased under starvation. Glucose circulating levels
of normally fed and starved third-instar larvae were measured after conversion
of hemolymph trehalose into glucose (n = 8, **p < 0.01; error bars represent
SEM).202 Cell Metabolism 10, 199–207, September 2, 2009 ª2009 Elseviein the axonal termini andwas accompanied by a drastic inhibition
of larval growth, leading to adults with 40%weight reduction and
increased glycemia (Figure 3D). These data demonstrate that
Dilp secretion is coupled to changes in membrane polarity in
the IPC. Altogether, these results establish that the brain IPCs
have the special ability to couple neurosecretion with nutrition
and that Dilp release from the IPCs is controlled by membrane
voltage-dependent neurosecretory mechanisms similar to those
operating for the secretion of insulin and other neuropeptides.
The Fat Body Remotely Controls Insulin Release
from Brain IPCs
While our results suggest that the molecular mechanism of Dilp
secretion in the IPCs involves changes in IPC membrane poten-
tial, the upstream events leading to its activation/inhibition
remain unknown. Interestingly, it has been previously found
that the fly IPCs do not express the uniqueDrosophila sur1 ortho-
log, therefore suggesting that these cells do not respond directly
to carbohydrate levels (Kim and Rulifson, 2004). Therefore, a
relay mechanism must integrate the nutritional information and
convey it to the IPCs for proper insulin release. We had previ-
ously demonstrated a role for the fat body in relaying the nutri-
tional information to general IIS in peripheral tissues. Hence,
we asked whether the nutritional sensing operating in the fat
body could control the release of Dilps from the brain IPCs.
For this purpose, we used a genetic starvation tool, making
use of the Gal4/UAS system to induce the silencing of an amino
acid transporter encoded by the slimfast (slif) gene in a tissue-
specific manner (Colombani et al. 2003). When expression of
slif is knocked down in the fat body, mimicking amino acid
depletion, a local downregulation of TOR signaling is induced,
followed by a systemic downregulation of IIS and, ultimately,
growth inhibition. We therefore monitored the level of Dilp
release upon slif downregulation in the fat body (referred to as
ppl > slif A) (Colombani et al. 2003). Interestingly, the brain IPCs
of ppl > slif A larvae showed a retention of Dilp2 similar to that
observed upon restrictive diet or starvation (Figures 4A and
4B). Similar retention was observed upon inhibition of TORC1
signaling in the fat body (overexpression of the TOR inhibitors
TSC1 and TSC2 or knockdown of RAPTOR), but not upon InR/
PI3K inhibition (overexpression of the inhibitor PTEN), consistent
with our previous finding that TOR is the main relay for the amino
acid signal in fat-body cells (Figures 4A and 4B) (Colombani
et al., 2003). slif inhibition targeted to other larval tissues had
no systemic effect on larva growth (Colombani et al. 2003) and
did not promote Dilp accumulation in the IPCs (data not shown).
We then asked whether restoring the level of TOR signaling in
fat cells of underfed larvae would be sufficient to restore Dilp
release. To test this, we activated TOR signaling in the fat body
of underfed animals by knocking down the TSC2 gene (ppl >
TSC2i) and analyzed the level of Dilp2 in the brain IPCs. Indeed,
restoring TOR activation in fat cells was sufficient to prevent
Dilp2 accumulation in brain cells under restrictive diet (Figure 4C).
Similar results were obtained using anti-Dilp5 antibodies (data
not shown), suggesting again that all Dilps are subjected to the
same regulation in the IPCs. In addition, although ppl > TSC2i
larvae developed normally on rich medium (23), these animals
died as larvae on 0.13 medium, suggesting that bypassing the
regulation on Dilp secretion under food limitation is stronglyr Inc.
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Figure 3. The Electric Activity of the Brain IPCs Links Dilp Secretion with the Nutritional Status
(A) In restrictive diet conditions, expression of Dilp2 in the IPC induces only mild overgrowth, as compared to its expression in control neurons. DILP2 was
overexpressed either in IPCs or in control neurons (Kurs6-Gal4). Larvae were reared on rich or poor medium, and adult flies were weighted (n = 10 3 30,
**p < 0.01; error bars represent SEM).
(B) Neurosecretion was forced using targeted expression of a bacterial sodium channel (NaChBac), provoking membrane depolarization in the IPCs. In this back-
ground, no Dilp2 accumulation was observed upon starvation; error bars represent SEM.
(C) On restrictive diet, expression of a bacterial sodium channel (NaChBac) induces larval/pupal death. Larvae were reared on rich or poor medium (50 per vial),
and emerging adult flies were counted (n = 3 3 50; error bars represent SEM).
(D) Brains from normally fed larvae overexpressing the Kir2.1 channel in the IPCs present a strong accumulation of Dilp2 (upper panel), associated with a severe
decrease in adult size (18C, n = 10 3 30, **p < 0.01) and an increased glycemia (n = 8, **p < 0.01; error bars represent SEM).detrimental to larval development. Taken together, these results
indicate that the fat body integrates nutritional inputs and
remotely controls brain Dilp release and that TOR signaling is
the molecular effector for this regulation in fat cells.
A Direct Humoral Link between the Fat Body
and the Brain
This regulation could be the consequence of a direct humoral link
between the fat body and the brain or an indirect effect of fat-
body metabolism on general homeostasis leading to perturbed
IPC function. To distinguish between these two possibilities,Cell Mwe set up ex vivo cocultures of larval brains and fat-body
explants (Figure 5A). In a first series of experiments, brains from
starved third-instar larvae were cultured in Schneider medium in
the presence of serum. In these conditions, Dilp2 was present at
high levels in the IPCs of dissected brains and remained stable
even after 15 hr of culture. Addition of fat bodies dissected
from underfed animals in the culture did not modify Dilp2 levels,
indicating that underfed fat bodies are unable to stimulate Dilp
release. By contrast, addition of fat bodies from fed animals
induced a strong reduction of Dilp2 staining (Figure 5B). This
staining did not fade in fed brains incubated with fed fat bodiesetabolism 10, 199–207, September 2, 2009 ª2009 Elsevier Inc. 203
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Figure 4. The Larval Fat Body Uses TOR Signaling to Relay the
Nutritional Signal to the Brain IPCs
(A) Reducing amino acid import or TOR signaling in fat-body cells remotely
induces Dilp2 accumulation in the IPCs. The slif A genetic background (Colom-
bani et al., 2003) was used to suppress amino acid import in fat cells. Overex-
pression of TSC1 and TSC2 or Raptor silencing was used to specifically
reduce TORC1 signaling, and overexpression of PTEN was used to reduce
PI3K activity. slif A and TOR knockdown directed in fat cells induced Dilp accu-
mulation, whereas PI3K inhibition did not. Experiments were carried out with204 Cell Metabolism 10, 199–207, September 2, 2009 ª2009 Elsevie(data not shown), indicating that the reduction of Dilp2 staining
observed in underfed brain/fed fat body cocultures is not due
to a specific degradation induced by the coculture, but reflects
Dilp release from the IPCs. Accordingly, incubation of underfed
brains in the presence of 100 mM KCl, a condition that forced
depolarization of brain cells, also induced Dilp release, in line
with our previous results obtained upon ectopic expression of
the Kir2.1 potassium channel (Figure 5B). Incubation of fed and
underfed fat bodies together with larval brains induced Dilp
release similarly to that observed with fed fat bodies alone.
Therefore, our experiments suggest that fat bodies in the fed
state emit a diffusible factor stimulating brain Dilp release that
is dominant over the underfed state.
We next reasoned that the secretion signal produced by the fat
body should be released and circulate into the larval hemolymph
in order to reach the brain IPCs. For this, we tested the effect of
larval hemolymph on Dilp release in our culture system. Interest-
ingly, hemolymph from fed but not from underfed or ppl > slif A
larvae was able to promote efficient Dilp2 release from starved
brains (Figure 5B). This established that a secretion factor
emanating from the fat body is released in the hemolymph in
fed conditions. This secretion signal could be either a metabolite
or a specific factor produced by the fat body. We tested the
effects of different metabolites added directly to the brain
culture. Neither carbohydrates (glucose, sucrose, or trehalose),
lipids (complete soy lipid extract), nor amino acids (already
present in the Schneider medium) were able to promote Dilp
release when added in the culture with larval brains (Figure 5B).
Similar results were obtained using anti-Dilp5 antibodies (data
not shown). Overall, this demonstrates that the IPCs do not
respond directly to nutrient inputs, but instead the fat body relays
the nutritional information to the IPCs through the production of
a specific secretion signal.
DISCUSSION
Due to the lack of immunoassay, the study of the regulation of
Dilp levels in Drosophila has been limited so far to the analysis
of their expression level in response to nutritional conditions.
Here, we present evidence that the secretion of Dilp2 and
Dilp5 as well as a secGFP is controlled by the nutritional status
of the larva. Our data also indicate that the IPCs have the specific
ability to couple secretion with nutritional input. This suggests
that all Dilps produced in the IPCs could be subjected to
a common control on their secretion that could therefore
the fat-body ppl-Gal4 driver; identical results were obtained with the cg-Gal4
driver (data not shown).
(B) Anti-Dilp2 fluorescence in the IPCs was quantified as described (n = 20
larvae, **p < 0.01 compared to control; error bars represent SEM).
(C) Activation of TOR signaling in the larval fat body is sufficient to block Dilp
accumulation induced by restrictive diet. Larvae expressing a TSC2 RNAi
construct in the fat body (ppl > TSC2i) were reared on rich (23) and poor
(0.13) medium. In these conditions, accumulation of Dilp2 in the IPCs on
poor medium was no more observed. For both conditions, IPCs were imaged
by confocal microscopy using laser and scan settings adjusted on the fed
state, which explains the difference in intensity in the fed state when compared
to other images. Anti-Dilp2 fluorescence in the IPCs was quantified as
described previously (n = 15 larvae; error bars represent SEM). Experiments
were carried out with the fat-body ppl-Gal4 driver; identical results were
obtained with the cg-Gal4 driver (data not shown).r Inc.
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show that the regulation of Dilp secretion plays a key role in
controlling Dilp circulating levels and biological functions, since
Figure 5. A Humoral Link between the Fat Body and the Brain
Remotely Controls Insulin Secretion
(A) Coculture of dissected larval brains and fat bodies in Schneider medium.
The brains sink to the bottom of the microfuge tube and are therefore never
in direct contact with the fat body explants that float at the surface.
(B) A positive signal for Dilp secretion is sent by the fat body to the brain. After
culture with/without fat-body explants, the brains were immunostained for
Dilp2, and anti-Dilp2 fluorescence was quantified as described. Brains
dissected from underfed animals and cultured in Schneider medium without
fat bodies served as control fluorescence levels. Same cultures were carried
out using hemolymph instead of fat bodies (Hemolymph). Finally, underfed
brains were cultured in 100 mM KCl or 10% sucrose or 17 g/l tryptone solu-
tions (n = 20 brains, **p < 0.01; error bars represent SEM).
(C) A model for the remote control of brain Dilp release by the fat body. Amino
acids are delivered by the gut and taken up by fat-body cells. In the presence
of amino acids in the diet, TORC1 signaling in fat cells generates a positive
messenger that is released into the hemolymph. This signal reaches the brain
IPCs, where it remotely controls Dilp secretion.Cell Mblocking neurosecretion in the IPCs led to growth and metabolic
defects, and conversely, expression of Dilp2 in nonregulated
neurosecretory cells is lethal upon starvation. Interestingly,
previous reports suggest that Dilp release could also be
controlled in the adult IPCs, raising the possibility that this type
of regulation contributes to controlling metabolic homeostasis,
reproduction, and aging during adult life (Gershman et al., 2007;
Tu and Tatar, 2003).
Dilp release is not activated by high-carbohydrate or -fat diets,
but rather depends on the level of amino acids and in particular
on the presence of branched-chain amino acids like leucine and
isoleucine. This finding is consistent with the described mecha-
nism of TOR activation by leucine in mammalian cells (Avruch
et al., 2009; Nicklin et al., 2009). In particular, it was recently
shown that Rag GTPases can physically interact with mTORC1
and regulate its subcellular localization in response to L-leucine
(Sancak et al., 2008). Interestingly, our present work indicates
that amino acids do not directly signal to the IPCs, but rather
they act on fat-body cells to control Dilp release. TOR signaling
has been previously shown to relay the nutritional input in fat-
body cells (Colombani et al., 2003). We show here that it is
required for the remote control of Dilp secretion, since inhibition
of Raptor-dependent TOR activity in fat cells provokes Dilp
retention. Surprisingly, activation of TOR signaling in fat cells of
underfed larvae is sufficient to induce Dilp release, indicating
that TOR signaling is the major pathway relaying the nutrition
signal from the fat body to the brain IPCs. In contrast, inhibition
of PI3K activity in fat cells does not appear to influence Dilp
secretion in the brain. This result is in line with our previous
in vivo data showing that reduction of PI3K levels in fat cells
does not induce systemic growth defects (Colombani et al.,
2003). Altogether, this suggests that the nutritional signal is
read by a TOR-dependent mechanism in fat cells, leading to
the production of a secretion signal that is conveyed to the brain
by the hemolymph (Figure 5D).
Our ex vivo brain culture experiments demonstrate that hemo-
lymph or dissected fat bodies from fed larvae constitute an effi-
cient source for the Dilp secretion factor. This signal is absent in
underfed animals, suggesting that it could be identified by
comparative analysis of fed and underfed states. The nature of
the secretion signal is unknown. It is produced and released in
the hemolymph by fat cells, and its production relies on
TORC1 function. Given the role of TORC1 in protein translation,
one could envisage that the secretion factor is a protein or a
peptide for which translation is limited by TORC1 activity and
relies on amino acid input in fat-body cells. In mammals, fatty
acids and other lipid molecules have the capacity to amplify
glucose-stimulated insulin secretion in pancreatic b cells (Nolan
et al., 2006). The fly fat body carries important functions related
to lipid metabolism, and a recent link has been established
between TOR signaling and lipid metabolism in flies (Porstmann
et al., 2008), leaving open the possibility that a TOR-dependent
lipid-based signal could also operate in this regulation. Interest-
ingly, carbohydrates do not appear to contribute to the regula-
tion of insulin secretion by brain cells in flies. This finding is remi-
niscent of the absence of expression of the Sur1 ortholog in the
IPCs and suggests that global carbohydrate levels are controlled
by the glucagon-like AKH produced by the corpora cardiaca
cells (Kim and Rulifson, 2004).etabolism 10, 199–207, September 2, 2009 ª2009 Elsevier Inc. 205
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the polarization state of the IPC membrane, suggestive of a
calcium-dependent granule exocytosis, like the one observed
for insulin and many other neuropeptides. The nature of the
upstream signal controlling membrane depolarization is not
known. Recent data concerning the function of the nucleostemin
gene ns3 in Drosophila suggest that a subset of serotonergic
neurons in the larval brain act on the IPCs to control insulin
secretion (Kaplan et al., 2008). Therefore, it remains to be known
whether the IPCs or upstream serotonergic neurons constitute
a direct target for the secretion signal. So far, no link has been
established between the serotonergic stimulation of IPC function
and the nutritional input.
In 1998, J. Britton and B. Edgar presented experiments where
starved brain and fed fat bodies were cocultured, allowing
arrestedbrain neuroblasts to resumeproliferation in thepresence
of nutrients (Britton and Edgar, 1998). From these experiments,
the authors proposed that quiescent neuroblasts were induced
to re-enter the cell cycle by a mitogenic factor emanating from
the fed fat bodies.Ourpresent data extend thesepioneer findings
and suggest the possibility that the factor sent by the fed fat
bodies is the secretion factor that triggers Dilp release from the
IPCs, allowing neuroblasts to continue their growth and prolifer-
ation program through paracrine Dilp-dependent activation.
In conclusion, our work combines genetic and physiology
approaches on a model organism to decipher key physiological
regulations and opens the route for a genetic study of the molec-
ular mechanisms controlling insulin secretion in Drosophila.
EXPERIMENTAL PROCEDURES
Nomenclature
Gal4 driver lines were named after the gene used for Gal4 expression speci-
ficity (for example DILP2) followed by either ‘‘-Gal4’’ or ‘‘>’’ (DILP2-Gal4 or
DILP2 >). The name DILP2 > DILP2 is therefore an abbreviation for the geno-
type DILP2-Gal4;UAS-DILP2. Ctrl stands for control, i.e., Gal4 driver lines
crossed to wild-type strain w1118.
Fly Strains and Food
The following fly lines were used: w1118; ppl-Gal4 (Colombani et al. 2003),
cg-Gal4 (Bloomington Stock Center; Indiana University), DILP2-Gal4 (Brogiolo
et al., 2001; Rulifson et al., 2002), Kurs6-Gal4 (Siegmund and Korge, 2001),
UAS-FLAG-DILP2 (Honegger et al. 2008), UAS-SecGFP (Entchev et al., 2000),
UAS-DILP2; UAS-Kir2.1 (Brogiolo et al., 2001; Rulifson et al., 2002), UAS-Slif a
(Colombani et al. 2003),UAS-Raptor RNAi and UAS-TSC2 RNAi (VDRC) (Dietzl
et al., 2007), UAS-dPTEN (Huang et al. 1999), yw1118; UAS-TSC1 and UAS-
TSC2 (Tapon et al. 2001), and UAS-NaChBac (Bloomington Stock Center).
Both ppl-Gal4 and cg-Gal4 express in non-fat-body-related tissues, but their
expression domains intersect only in the fat body. No trace of expression was
found in the IPCs. In all the presented experiments, both drivers produced
identical results, ensuring that the effects are due to fat-body expression. The
Kurs6-Gal4 driver line is a P[Gal4] enhancer trap line that expresses Gal4 in
agroupofneurosecretoryneurons innervating thecorporacardiacaand located
in the lateral protocerebrum, the pars intercerebralis, and the medial subeso-
phageal ganglion. The expression level of Kurs6-Gal4 is comparable to that of
the endogenous DILP2 promoter, as shown in Figure S1.
Animals were reared at 25C on 23 food containing, per liter: 34 g inacti-
vated yeast powder, 83 g corn flour, 10 g agar, 60 g white sugar, and 4.6 g
Nipagin M (in ethanol) (referred to Rich medium). Restrictive diets (also labeled
poor medium) correspond to 0.13 or 0.33medium containing 1.7 g/l or 5.1 g/l
inactivated yeast powder, respectively. For acute starvation, third-instar larvae
(72 hr after egg deposition [AED]) were shifted on agar plates containing PBS/
1% sucrose and collected for tissue dissection after 24 hr.206 Cell Metabolism 10, 199–207, September 2, 2009 ª2009 ElsevieQuantitative RT-PCR
Larvae were collected 74 hr after egg laying and dissected, and brains were
flash-frozen (25 brains per sample). Total RNA was extracted using QIAGEN
RNeasy Lipid Tissue Mini Kit according to the manufacturer’s protocol. RNA
samples (5 mg per reaction) were reverse transcribed using SuperScript II
(Invitrogen), and the generated cDNA was used for real-time RT-PCR (ABI
Prism 7000 system, qPCR Mastermix Plus for SYBRGreen I, Eurogentec
France; Angers, France), using 2.8 ng of cDNA template and a primer concen-
tration of 300 nM. Rp49 was used as a normalizer. Three separate samples
were collected from each condition, triplicate measurements were conducted,
and two independent sets of primers were used for each gene.
Primers were designed using the Primer Express software (Applied Biosys-
tems; Foster City, CA).
Statistics
For all experiments, error bars represent SEM, and p values are the results of
a Student’s test provided by Microsoft Excel (*p < 0.05; **p < 0.01).
Antibodies and Immunostaining
To generate antisera specific for the Dilp2 protein, a peptide corresponding
to amino acids 108–118 of the Dilp2 sequence (TRQRQGIVERC) was used
as immunogen in rats (Eurogentec). For Dilp5 antisera generation, two pep-
tides corresponding to amino acids 41–50 and 77–92 (CPNGFNSMFA,
SLSSIRRDFRGVVDSC) were used as immunogen in rabbits (Eurogentec).
Brains were dissected from larvae in PBS, fixed in PBS containing 4% form-
aldehyde for 25 min at room temperature, and extensively washed in PBS
containing 0.3% Triton X-100 (PBT). Tissues were then blocked for 2 hr in
PBT containing 5% BSA. Primary antibodies were incubated overnight at
4C, and secondary antibodies for 2 hr at room temperature after extensive
washes. Tissues were mounted in Vectashield mounting medium (Vector
Laboratories, Inc.; Peterborough, UK), and fluorescence images were
acquired using a Zeiss LSM 510 META confocal laser scanning microscope.
Antibodies used: rat anti-Dilp2, M2 anti-FLAG (Sigma-Aldrich; St. Louis),
anti-Lsp1 (Burmester et al., 1999), anti-rat Alexa 546, and anti-mouse Alexa
546 conjugated (1/600; Molecular Probes).
Weighing Flies
L1 larvae were collected 24 hr after egg deposition (AED, 4 hr egg collections)
and reared at 30 animals per tube. Groups of 30 adult males were weighedwith
an Adventurer Pro Precision balance (Ohaus; Pine Brook, NJ).
Trehalose Measurements
For each genotype, 30 L1 larvae were incubated at 25C until L3. Hemolymph
from eight groups of ten larvae was used for each condition. Hemolymph was
diluted (1:10) in homogenization buffer (137 mM NaCl, 2.7 mM KCl, 5 mM Tris
[pH 6.6]) and heated for 5 min at 70C, and trehalose was converted into
glucose after incubation with porcine trehalase (Sigma, T8778) at 37C over-
night. Total glucose was measured using the Thermo Glucose GOD-POD
assay kit (Thermo Fisher Scientific; Waltham, MA). Quantifications were per-
formed using a Sunrise spectrophotometer plate reader at 510 nm (Tecan;
Mannedorf, Switzerland).
Fluorescence Quantification
To quantify Dilp2 levels, confocal Z series of the IPCs were obtained using
a 1 mm step size and identical laser power and scan settings. ImageJ software
was used to generate sum-intensity 3D projections of the Z stacks (12 bit
scanned images) and to measure total fluorescent intensity across the IPCs.
Ex Vivo Organ Coculture
Ex vivo organ culture was performed using a method based on that of Britton
and Edgar (1998). Larvae were cultured on standard medium, surface-steril-
ized in a solution of 70% ethanol for 1–2 min, rinsed in sterile water, and
dissected in Schneider insect cell-culture medium (Sigma) using sterile tools.
Brains were transferred to a microcentrifuge tube containing a 20 ml Schneider
medium with or without 5% FBS. A dissecting needle was used to transfer the
tissues in a minimal volume of medium. In coculture experiments, the entire fat
bodies from 15 feeding mid-third-instar larvae were added to the culture.
Coculture experiments were also performed with the hemolymph collectedr Inc.
Cell Metabolism
Insulin-like Peptide Secretion in Drosophilafrom 50 mid-third-instar larvae (15–20 ml) and diluted in Schneider medium
(1:1) prior to addition to the brains culture. Cultures were incubated at room
temperature for the indicated times.
Western Blotting
Fed or underfed mid-third-instar larvae were collected and washed in cold
PBS. Brains were dissected and hemolymph collected. Tissues and total
larvae were homogenized in lysis buffer (50 mM Tris [pH 8], 150 mM NaCl,
1 mM EGTA, 1% NP-40, Complete Roche protease inhibitor). Samples were
quantified using the Bradford method and denatured in 2x Laemmli buffer
with 1 mM DTT, and equal amounts of protein were loaded for each lane
onto NuPAGE Novex gel (4%–12% Tris-Glycine, Invitrogen). Enhanced che-
moluminescence (Advanced ECL, Invitrogen; Carlsbad, CA) was used for anti-
body detection after blotting on Immobilon-PSQmembrane (Millipore; Billerica,
MA). Signal quantification was performed using Fujifilm Multi Gauge software.
SUPPLEMENTAL DATA
Supplemental Data include one figure and can be found online at http://www.
cell.com/cell-metabolism/supplemental/S1550-4131(09)00231-9.
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